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Abstract. A micro hydromechanical deep drawing is carried out using the pure titanium and the
effect of fluid pressure on formability of pure titanium is investigated. The experiments are performed
using the two kinds of pure titanium foils (TR270C-H and TR270C-O) and stainless steel foil
(SUS304-H) with 50 thickness and the cylindrical and conical punches. As a result, it is found that the
peeling off the oxide film of pure titanium can be reduced by applying the fluid pressure because the
friction force and contact pressure between the blank and die decreases. However, the formability is
lower for pure titanium than that for stainless steel because the tensile strength is low and the friction
force is easy to increase as the friction force increases. In contrast, due to the low young modulus of
pure titanium, the restriction of wrinkling, decrease of friction force and friction holding effect can be
obtained at low fluid pressure.
Introduction
By ongoing the miniaturization of modern devices, the demand of micro products is growing in
many industries. In particular, a pure titanium is today paid attention in the medical and chemical
field due to its properties of excellent corrosion resistance and biocompatibility [1]. The pure titanium
is known as a material that has the high affinity and easily occurs the adhesion and seizure when its
oxide film is broken during the sheet forming process. In general, the lubrication and surface
treatment of tools have been employed in the forming of pure titanium in order to avoid the adhesion
and seizure. However, with scaling down to micro scale, the friction force increases due to the
lubricant cannot be kept [2]. Moreover, even though the anodized pure titanium foil is used, the
generated wear debris scratches the surface during the ironing process because it is much larger than
the substrate of pure titanium [3]. It finally causes the adhesion and seizure of pure titanium in micro
sheet forming. In addition, although the pure titanium has the excellent mechanical properties in
macro forming, it might deteriorate with scaling down to micro scale due to the grain size effect. It is
because the ductility and tensile strength decreases because the number of grain size along the
thickness decreases [4]. These high friction force and poor mechanical properties generally result the
low drawability in micro sheet forming [5].
Sheet hydroforming is a forming method using the fluid pressure instead of the die. It is reported
that the macro sheet hydroforming can reduce the friction force due to the hydrodynamic lubrication
[6]. Therefore, it is expected that the fluid pressure can reduce the peeling off the oxide film and
restrain the adhesion and seizure of pure titanium. Moreover, the drawability can be improved due to
several effects of fluid pressure in hydromechanical deep drawing, such as the friction holding effect
and hydrodynamic lubrication effect [7]. Previously, the authors have developed a micro
hydromechanical deep drawing (MHDD) to utilize these advantages in micro sheet forming [8]. In
this study, the micro hydromechanical deep drawing (MHDD) is carried out using the pure titanium
to investigate the effect of fluid pressure on frictional behavior and drawability of pure titanium.

Experimental
Experimental procedure. To improve the handing and positioning of tiny workpiece, the
blanking and drawing tooling set developed by Authors was used as shown in Fig. 1 [8]. The pressure
generation, blanking, drawing and knockout processes can be performed in the same axis in this
machine. A pump with maximum fluid pressure of 20MPa was used. The materials used are the pure
titanium foil (TR270C-H) and the stainless steel (SUS304-H) with 50µm thickness as the comparison
material. The mechanical properties of pure titanium foils are listed in Table 1. The experiment was
performed using the cylindrical punch. The tool dimensions are shown in Fig. 2(a). The constant gap
method was adopted for the blank holder. The drawing ratio is DR(= Db/Dp) =1.74. The dry friction
was employed in MDD and the machine oil was used in MHDD. The punch speed was set up at
0.4mm/s.
In other to investigate the friction holding effect, the experiment was also carried out using conical
punch in which it is easy to observe the shape accuracy at side wall. As for the conical MHDD, the
pure titanium foil (TR270C-O) was used. The mechanical properties and the tool dimension are listed
in Table 1 and shown in Fig. 2(b). The drawing ratio is DR(= Db/Dlp)=2.20.
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Figure 1 Schematic of MHDD tools set and
hydraulic system.

Table 1 Mechanical properties of pure titanium and stainless steel foils
Materials

Young's modulus
E [GPa]

Yield stress
σy [MPa]

Tensile strength
σB [MPa]

Elongation
l [%]

TR270C-H

117

601

807

1.4

SUS304-H

193

1217

1331

2.4

TR270C-O

93

294

446

13.8

Effective punch force. A measured punch force FH was recalculated by the effective punch force
FE to evaluate the friction force in MDD and MHDD. The effective punch force is calculated by the
measured punch force subtracted from the force to push the punch by the fluid pressure FP. It is
expressed by
𝑃E = 𝑃H − 𝐹H = 𝐹S + 𝐹B + 𝐹F

(1)

where FS is the pure drawing force, FB is the bending force and FF is the friction force. The pure
drawing force and bending force is almost the same at the same material and tool dimension.
Therefore, the friction force can be evaluated by the difference of effective punch force in each
condition.
Results and discussion

Normalized effective punch force
PE/π(Dp+t)tσB

Frictional behavior in cylindrical MHDD of pure titanium. Fig. 3 shows the normalized
effective punch force at cylindrical MDD and MHDD. The difference of effective punch force can be
evaluated the friction force at each condition. By applying the fluid pressure in MHDD, the friction
force is once reduced and becomes high at high fluid pressure. Therefore, the friction force can be
reduced by applying the appropriate fluid pressure in MHDD. This decrease of friction force in
MHDD means that the fluid pressure pushes up the blank and reduces the contact pressure between
the blank and die. Accordingly, the damage of oxide file of pure titanium can be reduced due to the
low contact pressure between the blank and die in MHDD. Moreover, by increasing the fluid pressure
more, the blank does not contact with the die directly because the hydrodynamic lubrication is
obtained. Therefore, it is expected that the adhesion and seizure of pure titanium can be prevented in
MHDD.
Additionally, the required fluid pressure to reduce the friction force is smaller for the pure titanium
than that for the stainless steel as shown in Fig. 3. As for the pure titanium, the yield stress is smaller
than that of stainless steel. It means that the contact pressure between the blank and die is low for the
pure titanium. Therefore, the fluid medium leaks between them at the low fluid pressure and it is easy
to obtain the hydrodynamic lubrication. In contrast, the friction force increases from almost the same
relative fluid pressure to yield stress p/σy in both materials. In other word, the friction force increases
even at the low fluid pressure in pure titanium because the yield stress of pure titanium is lower than
that of stainless steel. In pure titanium, the young modulus is low and it causes the low stiffness of
blank. Therefore, the blank is easily deformed and the force pushing the blank by the fluid pressure is
easily transmitted to the blank holder. It causes the high friction force between the blank and blank
holder. It was found that the effect of fluid pressure on friction force is more sensitive for the pure
titanium than that for stainless steel due to its low yield stress and young modulus.
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Figure 3 Effect of fluid pressure on change
of friction force in cylindrical MHDD of
pure titanium.
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Figure 4 Appearance of micro cups of pure
titanium (TR270C-H) on ruler drawn by
cylindrical MDD and MHDD.

Formability of pure titanium in cylindrical MHDD. Fig. 4 shows the micro cups drawn by the
cylindrical punch. The pure titanium micro cups were successfully fabricated at MHDD although the
punch shoulder radius is small. The drawn micro cups are smaller than the rice grain. Fig. 5 shows the
winkling and fracture of cups drawn by MDD and MHDD of pure titanium. The occurrence of
winkling is restricted by applying the fluid pressure of 2MPa. In contrast, the fracture finally occurs at
the fluid pressure of 4MPa. As the fluid pressure increases, the wrinkling decreases because the fluid
pressure plays a role of blank holder stress in MHDD. However, with increasing fluid pressure more,
the fracture occurs at punch shoulder due to the increase of friction force as shown in Fig. 3.
Fig. 6 shows the effect of fluid pressure on wrinkling and fracture of micro cups. In both of
materials, the required relative fluid pressure to young modulus p/E to prevent the wrinkling is the
same. It means that the required fluid pressure is low for the pure titanium because its young modulus
is lower than that of stainless steel. On the other hand, the fracture occurs before the success zone
appears in the pure titanium although there is a large success zone in the stainless steel. As shown in
Fig. 3, the friction force easily increases for the pure titanium foil even in the low fluid pressure due to
the low young modulus. Moreover, the tensile strength of pure titanium is lower than that of stainless
steel. It means that the allowable load is low for pure titanium. These are reasons why the fracture
occurs at low fluid pressure and there is not the success zone in the case of pure titanium. The increase
of friction force can be improved by the radial pressure. The radial pressure easily lubricates not only
between the blank and die, but also between the blank and blank holder because it is applied from the
blank edge directly. Moreover, the compression force is applied at the blank edge by the radial
pressure which reduces the loading force of blank. Thus, it is expected that the improvement of
friction force and formability can be obtained by applying the radial pressure.
Friction holding effect of conical cups in MHDD. The formability can be further improved by
the friction holding effect at MHDD in which the friction force between the blank and punch reduces
the loading force of blank at punch shoulder. The friction force can be evaluated by the straightness at
side wall because the friction holding effect is obtained when the straightness at side wall becomes
zero. Fig. 7 shows the effect of fluid pressure on straightness at conical micro cups. In MDD, the
straightness is low. In contrast, the straightness becomes high in MHDD and increases as the fluid
pressure increases. Because the low young modulus in pure titanium causes the low stiffness, the
blank is easy to deform. It means that the required fluid pressure is low to obtain the high straightness.
It was found that the fiction holding effect can be obtained at low fluid pressure in the pure titanium
foil. Moreover, to obtain the high shape accuracy in conventional deep drawing, the drawn products
have to be contacted with the die and the shape of die is transcribed to the products. However, due to
the high contact pressure during this process, it is easy to peel off the oxide film and cause the
adhesion and seizure in pure titanium. On the other hand, by applying the fluid pressure, the high
shape accuracy was obtained without the contact with the die in MHDD.
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Figure 5 Photos of wrinkling and fracture cups
in MHDD of pure titanium (TR270C-H).
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Figure 7 Effect of fluid pressure on straightness at conical micro cups of pure titanium (TR270C-O).
Conclusion
The micro hydromechanical deep drawing was carried out using the pure titanium in this study to
investigate the effect of fluid pressure on frictional behavior and drawability of pure titanium. The
experiments were performed using the pure titanium foils (TR270C-H and TR270C-O) and the
stainless steel foil of 50µm in thickness as the comparison material. In MHDD, the friction force can
be reduced by applying fluid pressure. It shows that the peeling off the oxide film of pure titanium
decreases because the contact pressure between the blank and die is reduced. However, the
formability is lower for pure titanium than that for stainless steel. It is because the tensile strength is
low and the friction force easily increases with the increase of fluid pressure in pure titanium. In
contrast, it was clarified that the winkling can be avoided and the friction holding effect can be
obtained by applying the fluid pressure in MHDD. The required fluid pressure to obtain the decrease
of friction force, restriction of wrinkling and friction holding effect is lower for the pure titanium than
that for the stainless steel. It seems to be because the low young modulus in the pure titanium causes
the low stiffness and makes it easy to deform the blank.
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